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A B S T R A C T Continuously recorded bipolar elec-
trograms were obtained simultaneously from epi-, endo-, and mid-myocardial regions of the ischemic and normal zones of cat left ventricle in vivo after coronary occlusion, analyzed by computer, and compared to regional cyclic AMP levels. Regional cyclic AMP content was used as an index of the combined local effects of: (a) efferent sympathetic nerve discharge; (b) release of myocardial catecholamines due to ischemia; and (c) circulating catecholamines. Ischemia resulted in a progressive increase in pulse width and rise time and a decrease in rate of rise ofvoltage (dV/dt) ofthe local electrograms from ischemic zones reaching a maximum within 2.4+0.3 min (mean+SE) at the time of onset of severe ventricular dysrhythmias, all of which returned toward control before the cessation of the dysrhythmia (33.5±1.5 min after coronary occlusion). Increases in cyclic AMP in ischemic zones preceded corresponding increases in the frequency of premature ventricular complexes (PVCs). Propranolol inhibited the increases in cyclic AMP and reduced the frequency of PVCs in animals without ventricular fibrillation. In animals with ventricular fibrillation, cyclic AMP was significantly elevated in normal and ischemic zones compared to animals with PVCs only. Electrical from the relatively benign dysrhythmias occurring later (1) (2) (3) (4) (5) . Thus, elucidation of factors contributing to dysrhythmias associated with sudden death in man may require analysis of processes occurring during the interval immediately after the onset of myocardial ischemia.
Several observations implicate deleterious sympathetic nervous system influences on these early dysrhythmias. Among patients seen within 30 min after the onset of acute myocardial ischemia (6) , prominent alterations in the activity of the autonomic nervous system occur in 92%. Complete myocardial catecholamine depletion (i.e., after mediastinal neural ablation) confers striking protection against ventricular fibrillation in animals (7) . However, prior treatment with propranolol in doses sufficient to attenuate the response to maximal stellate ganglion stimulation does not confer protection against ventricular fibrillation (8, 9) . This may be due to incomplete obliteration of neural as opposed to humoral sympathetic input to the heart by pharmacological blockade (10) or a-receptor contributions to the malignant dysrhythmias induced by ischemia (11) .
Sympathetic nerve recordings during myocardial ischemia may not reflect alterations in sympathetic input to selected regions of myocardium because of extensive arborization ofthe nerves distal to the recording site as well as additional influences of circulating catecholamines. Measurement of local myocardial catecholamines may not reflect regional efferent sympathetic activity because of the combined loci of norepinephrine in peripheral nerve terminals and cardiac effector cells. Incompleteness of pharmacological blockade or intramyocardial release of norepinephrine may cloud the interpretation of results based solely on changed global function after fl-receptor blockade.
For these reasons, in the present study we assayed regional myocardial cyclic adenosine 3',5'-monophosphate (cyclic AMP) content as one index of regional adrenergic activity, based on the concept that transient changes in myocardial cyclic AMP content may reflect
The Journal of Clinical Investigation Volume 61 January 1978 -109-119regional postsynaptic influences of catecholamines (12) (13) (14) . Accordingly, measurement of regional cyclic AMP content may permit assessment of the combined neural, humoral, and intramyocardial effects of catecholamines in selected regions of the heart. Although factors other than catecholamines may contribute to changes in cyclic AMP, including alterations in phosphodiesterase activity (15) , effects of anoxia per se (16) (17) (18) , or decreased utilization and (or) washout of cyclic AMP, most of the increase in cyclic AMP in anoxic or ischemic hearts has been shown to reflect adrenergic stimulation rather than direct effects of anoxia (17, 18) .
In the present study, we utilized an experimental animal preparation exhibiting consistent ventricular dysrhythmia early after coronary occlusion to determine: (a) whether specific changes in local electrograms in ischemic tissue correlate with the onset or spontaneous termination of ventricular dysrhythmia; (b) whether characteristic changes occurred in regional adrenergic activity, reflected by increased cyclic AMP content in ischemic and nonischemic zones before, during, and after termination of ventricular dysrhythmia; and (c) whether alterations in cyclic AMP content after ischemia depend on regional adrenergic influences based on results after f8-adrenergic blockade.
METHODS
Animal preparation. Male and female adult cats (n -157) (2.1-3.9 kg) were anesthetized with a-chloralose (75 mg/kg) to minimize depression of cardiac reflexes by anesthesia. After endotracheal intubation, each animal was mechanically ventilated with a mixture of oxygen and room air to maintain normal arterial pH, Pco2 and Po2 monitored every 5 min in several animals. Adjustment of tidal volumes (-20 cm3/kg) resulted in maintenance of normal pH and blood gas values. Left thoracotomy was performed by excision of ribs two through four, and body temperature was maintained at 37.50C with the use of a thermostatic esophageal probe controlling an infrared lamp. The Bipolar electrogram recordings and automated analysis. Bipolar electrograms from epi-, myo-, and subendocardial areas of ischemic and normal zones of the left ventricle were obtained as follows: The epicardial electrodes consisted of two gold disks (1.5 mm diameter and 0.004 inch thickness) soldered to fine stainless steel wires coated with polyurethane, imbedded in a pliable silicone mat and sutured to the epicardial surface. The myocardial and subendocardial electrodes were made from four polyurethane-coated stainless steel wires which were bonded together with an additional coat of polyurethane. The two subendocardial leads were turned at right angles to form a hook and the tips were cut to provide electrical contact. The two myocardial leads were cut 3.5 mm proximal to the beveled end of the subendocardial electrode to provide a mid-myocardial recording. The entire electrode bundle was checked for continuity and lack of crossover between leads with an ohmmeter and subsequently placed in a 25-gauge needle and inserted through the left ventricular wall immediately adjacent to the epicardial electrode. The needle was withdrawn so that the subendocardial leads engaged the inner wall and the myocardial electrode engaged the myocardium at the mid wall level. Each of the six bipolar electrode contacts (in both ischemic and normal zones) were placed in multiple silver-contact electrode holders, amplified by a constant gain AC amplifier and variable gain DC amplifier-universal coupler (Gould Inc.) with low frequency cutoff (3 dB) at 1.0 Hz and high frequency cutoff (3 dB) at 1.0 kHz before storage on FMmagnetic tape and display on an eight-channel monitor oscilloscope. Zero level (short-circuit of the amplifier input lines) and calibration level (constant 1 mV) were also recorded on FM-magnetic tape for subsequent calibration of the waveforms. The location of each electrode was verified at the termination of each experiment. Variance in electrode placement from experiment to experiment was minimized by placing the ischemic zone electrodes 3.0 mm lateral to the left anterior descending coronary artery just distal to the first medial branch (mid-ischemic zone) and placing the normal zone electrode on the lateral left ventricular wall adjacent to the first major branch of the left circumflex coronary artery.
Automated analysis of the bipolar electrograms was performed in real time with a PDP-12 computer system and interactive controlling software written in LINC/PDP-8 Assembly language. The system digitizes the analog signal at a 10-kHz sampling rate. When a signal equal to or in excess of threshold is identified, the program retains the 200 samples before the time when the threshold requirement is fulfilled along with the 300 subsequent samples providing a total of 500 data points (50 ms) per pulse. Acquisition of data occurs during each systole and analysis during diastole. Thus, as soon as each electrogram has been analyzed, acquisition is reinstituted automatically. The system calculates the mean and SD for each derived parameter and displays all parameters graphically as a function of time utilizing a Houston Instruments (Div. Bausch & Lomb, Inc., Austin, Tex.) DP1-5H incremental plotter.
Biochemical procedures. Cyclic AMP content in normal and central ischemic zones of the left ventricle was assessed at selected intervals after coronary occlusion in fast-frozen biopsies (-200 mg) obtained with a suction-drill through the left ventricular wall from normal and ischemic zones. One pair of samples was obtained from each cat after which the experiment was terminated. Biopsy samples, stored at -80°C (REVCO, Inc., West Columbia, S.C.) were pulverized in a steel mortar frozen in liquid nitrogen, quickly transferred to a cold homogenizer cup containing 0.75 ml of 6% trichloroacetic acid, thoroughly homogenized (Omni Mini- (23) .
Because anoxia increases both myocardial cyclic AMP (16) (17) (18) and adenosine release, two types of experiments were performed to determine whether adenosine, a potent stimulant of cyclic AMP accumulation in brain tissue (24) , would stimulate cyclic AMP accumulation in the mammalian heart. In the first set of experiments, adenosine (0.1 mM) was infused into the left anterior descending coronary artery via a 29-gauge needle. 90 s later, samples were taken from myocardium perfused with adenosine and from the lateral myocardium perfused by the circumflex coronary arterial blood (adenosine-free) and assayed for cyclic AMP. The high concentration of adenosine was chosen because adenosine is rapidly converted to inosine largely by adenosine deaminase in crythrocytes (25) . Despite this phenomenon, the dose was sufficient to slow the ventricular rate in this preparation. In other experiments, isolated rabbit hearts perfused retrograde with Krebs-Henseleit bicarbonate at 37°C equilibrated with 95% 02, 5% CG2 at 20 ml/min were studied so that adenosine could be administered at more physiological levels (10 nM) in a perfusion medium without erythrocytes, before assay of cyclic AMP in fast-frozen samples.
RESULTS
The feline preparation utilized in the present experiments (26, 27) exhibits: (a) ventricular dysrhythmia with a consistent onset time (2.4+±0.3 min), duration (33.5+1.5 min), and associated overall mortality (20%) due to ventricular fibrillation; (b) consistent frequency of premature ventricular complexes within the 1st h after occlusion (1,205±97); (c) a coronary arterial distribution very similar to that of man (27) enhanced autonomic cardiac neural activity in the period immediately after coronary occlusion. Electrophysiological alterations. Striking alterations were observed in electrograms from the ischemic area within minutes after occlusion (Fig. 1) . In the absence of ischemia, electrograms remained stable with no significant alterations in width, rise time, velocity of upstroke or amplitude for 7 h. Coronary occlusion resulted in a progressive decline in the velocity of upstroke with a corresponding increase in the rise time and pulse width in electrograms from ischemic sites only. The maximal changes in electrogram parameters in recordings from the ischemic zone coincided with the onset of ventricular dysrhythmia. Before termination of the dysrhythmia, partial but significant regression of the abnormalities was evident in all three parameters (Fig. 1) .
The combined data from 11 such experiments in which animals recovered from the ventricular dysrhythmia are shown in Fig. 2 . All values were standardized on the basis of 100% representing the initial control value. Coronary occlusion resulted in consistent and progressive increases in pulse width and rise time and a decrease in velocity of upstroke in the ischemic zones, with peak changes in each parameter occurring immediately before the onset ofthe ventricular dysrhythmia (Fig. 2) . Myocardial and epicardial regions consistently demonstrated partial regression of abnormalities in all three electrogram parameters before the termination of the dysrhythmia. In contrast, endocardial regions of the ischemic zone exhibited continued depression of these parameters at termination of the dysrhythmia. Normal zone recordings failed to demonstrate any significant alterations in parameters after ischemia and during normal sinus rhythm.
A comparison of the changes in pulse width, rise time, and dV/dt in the three levels of the ischemic zone at the onset of the dysrhythmia showed that the alterations in pulse width were greatest in epicardial areas and least prominent in endocardial regions (Fig.  2) . Likewise, rise time was increased to a greater extent in epicardial compared to changes in myo-or endocardial areas. However, the velocity of upstroke was depressed comparably in all three regions of the ventricular wall at the time of onset of the dysrhythmia.
Regional changes in cyclic AMP content. In initial studies, simultaneous biopsies for assay of cyclic AMP were obtained from normal and central ischemic zones of the left ventricle from six cats at each selected time interval after coronary occlusion. Each experiment was "terminated immediately after" the biopsy was obtained. Coronary occlusion resulted in a significant increase in cyclic AMP in the ischemic zone 5 min later and cyclic AMP levels subsequently rose to peak value at 15 min, returning to preocclusion levels by 30 min (Fig. 3) . However, increases in cyclic AMP content in the normal zone were striking only during the 15-20 min after occlusion. Cyclic AMP in the central ischemic zones increased significantly compared to values in the normal zone 5, 15, 20, 25, 30, and 35 min after occlusion (Fig. 3) , suggesting a regional difference in localized adrenergic activity or possibly markedly decreased phosphodiesterase activity. The distribution of premature ventricular complexes (PVCs),' (n = 30 different animals) at 5-min intervals after occlusion exhibits a progressive increase in PVC frequency which parallels closely the rise in cyclic AMP in the ischemic zone based on observations made in biopsies from other cats. It should be noted that the time of occurrence of peak level of cyclic AMP after coronary occlusion in the ischemic and normal zone precedes the time of occurrence of the peak PVC frequency (Fig. 3) suggesting not only that the two phenomena were temporally associated, but also that increased regional adrenergic activity reflected by increased cyclic AMP might have contributed to sustaining the dysrhythmia. However, this does not imply that increased regional adrenergic activity is necessary for initiation of the dysrhythmia. Indeed, when biop- tively) suggesting that enhanced regional adrenergic activity and (or) accumulation of cyclic AMP were not necessary conditions for initiation of the dysrhythmia. Effects of induced PVCs and induced ventricular fibrillation on regional cyclic AMP. Premature beats at selected coupling intervals were induced electrically in six nonischemic hearts for 15 min and the myocardium was subsequently sampled and assayed for cyclic AMP (Table I) . Cyclic AMP levels did not increase even with a frequency of induced PVCs (552 +53) in a 15-min interval comparable to the spontaneous frequency after occlusion (665±63). Likewise, electrical induction of PVCs for 15 min at a rate of 742+98 in six animals, beginning 50 min after coronary occlusion when the spontaneous increase in cyclic AMP had abated, did not increase the cyclic AMP in normal or ischemic myocardium (Table I) .
The data illustrated in Fig. 3 were obtained from 66 animals. An additional 13 animals succumbed to ventricular fibrillation within 2.5 min after coronary Fig. 3 ) in animals exhibiting PVCs but not VF (Fig. 4) . In those animals developing VF, cyclic AMP in the ischemic zone was significantly elevated compared to values in normal zones in the same animals (Fig. 4) . Although these results suggest that VF induced by myocardial ischemia is associated with increased regional adrenergic activity, VF per se might itself cause cyclic AMP to increase. However, when fibrillation was induced with a single pulse to the right ventricle, biopsies obtained within 5-10 s from normal (n = 5) and hearts subjected to coronary occlusion (n = 5) failed to exhibit increased cyclic AMP levels in either ischemic or normal zones (Table II) . This lack of increase within the brief interval indicates that accumulation secondary to sympathetic reflex discharge requires a long interval after the onset of fibrillation. In addition, despite the marked differences in cyclic AMP in spontaneously fibrillating hearts after coronary occlusion, hemodynamic changes in animals with and without spontaneous fibrillation were comparable at the time corresponding to the interval before the rhythm disturbances (Table III , top two rows). Effect of propranolol on cyclic AMP in ischemic and normal zones. To determine whether changes in efferent sympathetic activity accounted for the increases in cyclic AMP observed, we administered propranolol (0.75 mg/kg i.v.) 15 min before ischemia in eight additional animals, a dose found previously to entirely block the increase in heart rate induced by isoproterenol injection (0.5 ,ug/kg) or right stellate ganglion stimulation in the cat (9, 23) . Because the maximal increase in regional cyclic AMP occurred 15 min after coronary occlusion (Fig. 3 ), biopsies were obtained at this interval after occlusion in propranolol-treated animals. In the five of eight treated animals who survived for 15 min, significantly fewer PVCs occurred in the first 15 min after occlusion compared to control animals. The reduction in PVC frequency may be due in three exhibited a significant increase in cyclic AMP within ischemic zones, compared to values before occlusion in animals treated with propranolol (Fig. 6 ).
Although the absolute levels of cyclic AMP were reduced by propranolol, the increase from control values in animals who developed VF was not precluded by /3-receptor blockade (Fig. 7) . Furthermore, although propranolol significantly reduced the sinus rate before coronary occlusion, the alterations in systemic arterial pressure and heart rate induced by ischemia were similar in treated animals with and without VF (Table III) inhibition of changes in sinus rate, does not attenuate all efferent sympathetic nerve traffic to the heart (10, 11); (b) effects of the intramyocardial release of norepinephrine subsequent to ischemia (28) (24) and to be released with myocardial ischemia (29) , did not alter the cyclic AMP levels in ischemic or nonischemic cat hearts in vivo (0.1 mM) or isolated rabbit hearts (10 nM) (Table IV) Regional adrenergic activity. In the present study, regional alterations in cyclic AMP content were utilized as a potential index of local adrenergic input. Catecholamine stimulation of the heart is accompanied by increases in cyclic AMP (12) (13) (14) . Furthermore, administration of dibutyryl cyclic AMP (32, 33) (15) and because propranolol blocks the increase of cyclic AMP so effectively.
Results of this study implicate an increase in regional adrenergic activity in the perpetuation but not the initiation of dysrhythmia after coronary occlusion based on: (a) the progressive increase of cyclic AMP in the ischemic zone preceding the progressive increase in frequency of PVCs; (b) the failure of induced PVCs to alter regional cyclic AMP; and (c) effective attenuation by propranolol ofthe rise in cyclic AMP 15 min after occlusion with simultaneous depression of PVCs. This interpretation is compatible with findings in pharmacological studies with propranolol (9) with results in dogs exhibiting diminished dysrhythmia induced by ischemia after ganglionectomy (36) .
In the present study, cyclic AMP was consistently elevated in the ischemic compared to the corresponding normal zone. Prior treatment with propranolol abolished not only the rise in cyclic AMP 15 min after occlusion but also the disparity between cyclic AMP levels in ischemic and normal zones. This disparity may be important because heterogeneous, adrenergic neural stimulation of the heart is more arrhythmogenic than uniform, humoral stimulation (37) . The heterogeneity of cyclic AMP levels in the present study may reflect many factors including: (a) local intramyocardial, non-neurally mediated release of norepinephrine confined to ischemic regions; or (b) persistence of catecholamines in ischemic zones because of impaired metabolism, reuptake, or washout.
The first possibility is supported by findings in isolated perfused hearts devoid of efferent sympathetic input, demonstrating that anoxia results in rapid increases in cyclic AMP (13, (16) (17) (18) ) that can be inhibited by ,-receptor blockade (13, 17) . Increases in extracellular potassium secondary to ischemia (38) may release intramyocardial catecholamines (39) . The released norepinephrine may originate from peripheral sympathetic nerve endings since administration of tyramine 30 min before anoxia precludes the increase in catecholamines seen with anoxia (40) . The second possibility, regarding washout, would not account for the decreased cyclic AMP seen relatively late after ischemia, but no direct evidence is yet available to support or refute it.
Among the animals in whom ventricular fibrillation developed after coronary occlusion, cyclic AMP in the ischemic and normal zones was significantly elevated compared to corresponding values in hearts with only premature ventricular beats. Because electrical induction of ventricular fibrillation failed to alter the cyclic AMP levels in either normal or ischemic hearts, it appears likely that the increased regional efferent sympathetic activity elicited the increased cyclic AMP and contributed to, rather than resulted from, VF. No demonstrable differences were noted in hemodynamics after coronary occlusion in animals who developed VF compared to those who did not. ,8-Receptor blockade with propranolol did not attenuate the incidence of VF, the magnitude of the increase in cyclic AMP in normal or ischemic zones of the left ventricle (despite the lower initial values), or the disparity in cyclic AMP levels between the two zones in those hearts that did fibrillate. In animals with fibrillation despite treatment with propranolol, the increase in cyclic AMP was large, even though the baseline value was depressed and the peak absolute value was also depressed (Fig. 6 ). These observations suggest that factors other than adrenergic stimulation could be responsible for the increases in cyclic AMP in these particular hearts, or that ,8-receptor blockade does not attenuate all efferent sympathetic nerve traffic to the heart (10). Ephaptic transmission, independent of chemical neurotransmitters, may be one contributing factor. Furthermore, because VF in animals not treated was preceded by large increases in cyclic AMP (Fig.  4) , it seems probable that in propranolol-treated animals developing VF, complete blockade would not occur due to the competitive nature of the antagonist.
Studies have demonstrated that clamping or transection of the aorta in dogs (41, 42) or in rats (18, 43) increases cyclic AMP, an effect abolished by ,Breceptor blockade (18, (41) (42) (43) ; and anoxia increases rat heart cyclic AMP (16) (17) (18) ) also blocked by 1-receptor blockade (17, 18) . However, these changes have not been related previously to electrophysiological events subsequent to ischemia. A recent editorial (44) has implicated cyclic AMP itself in the genesis of VF. The present study presents direct evidence supporting the hypothesis that cyclic AMP or the processes responsible for its accumulation such as regionally enhanced adrenergic activity in ischemic zones contribute to the maintenance of ventricular dysrhythmia after myocardial ischemia and to the occurrence of VF.
